Future experiments on hypernuclear high-resolution γ-spectroscopy with high-purity germanium detectors with the FINUDA apparatus at the DAΦNE accelerator and with the PANDA apparatus at the FAIR facility require the operation of these detectors in high magnetic fields (B ≈ 1 T). VEGA and Euroball cluster HPGe detectors were tested in the field provided by the ALADiN magnet at GSI. A small degradation of the energy resolution by 1-2 keV was found, and a change in the rise time of the pulses by 50-200 ns was observed.
Introduction
High resolution γ-ray spectroscopy based on high-purity germanium (HPGe) detectors represents one of the most powerful means of investigation in nuclear physics: the introduction of this technique determined a significant progress in the knowledge of the nuclear structure. Recently, it has been proved that also strangeness nuclear physics can benefit of the same advantages: the energy resolution of hypernuclear levels has been drastically improved from 1-2 MeV (FWHM) to few keV (FWHM) [1] . Future experiments on hypernuclear γ-spectroscopy with FINUDA at DAΦNE [2] and with PANDA at FAIR [3] are now planned. They require the operation of HPGe detectors in high magnetic fields (B ≈ 1 T).
At DAΦNE electrons and positrons collide at the Φ(1020) resonance centre of mass energy, producing low energy (∼ 16 MeV) kaons. The FINUDA spectrometer is centred around a set of eight thin (0.2 g/cm 2 ) nuclear targets, surrounding the beam pipe in order to stop kaons with negative charge. Since the year 2003 Λ-hypernuclei from K − capture have been studied [4] .
At PANDA relatively low momentum Ξ − can be produced in pp → Ξ − Ξ + or pn → Ξ − Ξ 0 reactions [3] . The advantage as compared to the kaon induced reaction is the fact that the antiproton is stable and can be retained in a storage ring. This allows a rather high luminosity even with very thin primary targets. The associated Ξ will undergo scattering or (in most cases) annihilation inside the residual nucleus. Strangeness is conserved in the strong interaction and the annihilation products contain at least two anti-kaons that can be used as a tag for the reaction. In combination with an active secondary target, high resolution γ-ray spectroscopy of double hypernuclei and Ω atoms will become possible for the first time.
The performance of HPGe detectors in such an environment has not been well investigated. In particular, one might expect some problems: (i) change in energy resolution to arise, (ii) break-down of Field Effect Transistors (FETs) in the preamplifiers, (iii) discharging and sparking in the crystal capsules, and (iv) deterioration of the vacuum inside the capsule enclosing the crystals.
To verify that HPGe detectors can be safely and efficiently operated in a high magnetic field two different kind of detectors have been tested: the Euroball cluster detector [5] , identical to detectors used by the RISING collaboration [6] , and the VEGA detector [7] .
2 Detector Description
The Cluster Detector
The Euroball cluster detector consists of seven large hexagonal packed tapered Ge crystals closely housed in a common cryostat. To protect the sensitive intrinsic surface of the detectors and to improve the reliability each crystal is encapsulated. The capsules are made of aluminium with a thickness of 0.7 mm. Each capsule is hermetically sealed by electron beam welding of all feedthroughs and of the capsule lid. The cold part of the preamplifier is mounted on the capsule lid. The crystals have a length of 78 mm and a diameter of 70 mm at the cylindrical end. The distance of the Ge surface to the inner wall of the capsule is only 0.5 mm which gives a distance of 2.5 mm between the edges of two neighbouring detectors in a cluster. The typical energy resolution is approximately 2.1 keV (FWHM).
The segmented Clover Detector
The super-segmented-clover detector VEGA consists of four large coaxial ntype, four-fold electrically segmented Ge crystals arranged in the configuration of a "four-leaf" clover and housed in the same cryostat. The crystals have a length of 140 mm and a diameter of 70 mm. Prior to the studies in a magnetic field the energy resolution of the detectors was measured with a 60 Co source to be about 2.2 keV (FWHM) at 1.333 MeV.
Experimental Set-up
Two series of measurements were performed using the normal conducting ALADiN dipole magnet [8] . For both series the HPGe detectors and a 60 Co γ-ray source, with an activity of 370 kBq, were positioned inside ALADiN with the source placed in front of each detector. The ALADiN magnet aperture of 1.5 × 0.5 m 2 only allows to place a detector with its geometrical axis in the horizontal plane of the magnet. The direction of the magnetic field lines was perpendicular to the geometrical detector axis as seen in Fig. 1 (right) . The magnetic field is maximum in the centre of the magnet and decreases along the z-direction as illustrated in Fig. 1 (left) . Therefore, considering the dimension of both detectors, and in order to have the highest magnetic field present in the sensitive part of the detector, its end-cap had to be placed as close as possible to the centre of the magnet.
The detectors, as it is shown in Fig. 1 , were positioned inside the ALADiN magnet in such a way that their end-cap was at a distance of 7 cm from the centre of the magnet. To ensure a high efficiency, the 60 Co source was placed at a distance of 27 cm and 20 cm away from the end-cap of both detectors, respectively. For the measurements with the Euroball cluster three channels (C, D, F) of the seven Ge crystals of the cluster were available. The scheme of the crystals inside the cluster can be found in the right panel of the Fig. 1 . Channels C and D were fed with a positive voltage of 4000 V and channel F with 3500 V. For the measurements with the VEGA detector data from three (B, C, D) of the four Ge crystals were analysed. They have been fed with negative voltages of approximately 4000 V. The clover geometry of the crystals inside the magnet is shown in Fig. 2 .
The measurements can be divided in two groups: measurements done without magnetic field and those in which the magnetic field was tuned to 0.3 T, 0.6 T, 0.9 T, and 1.3 T for the Euroball cluster detector and tuned to 0.6 T, 1.1 T, 1.3 T, and 1.6 T for the VEGA detector.
For each Euroball cluster channel (C, D, and F) one of the preamplifier outputs was split in two branches. One signal was fed to a spectroscopy amplifier with a 3 µs shaping time, whose output was digitised by an Analog-to-Digital converter (ADC Silena 4418/V, 8 channel, 12 bit resolution) and the other signal was fed to a VME 100 MHz Flash-ADC (SIS3300, 8 channel, 12 bit resolution). The other output from the preamplifier was sent to a Time-FilterAmplifier (TFA Ortec 474), whose output was discriminated by a ConstantFraction-Discriminator (Ortec CF 8000) to be used as a timing signal. The trigger was formed by a logic OR of the outputs from the three CFD channels. The ADC was read out via CAMAC bus.
Since the VEGA crystals are electrically segmented, the performance of the electronics differs from those corresponding to Euroball cluster only in the trigger signal. One output of the preamplifier for each channel was split in two branches as it was done for the Euroball cluster set-up. Those preamplifier outputs corresponding to the the four segments of channel B were fed to the FADC. The trigger is formed from a coincidence of the sum of the CFD outputs of the four segments and an external trigger determined from the central core signal of channel B. Table 1 Main fit parameters for VEGA channel B,C, and D for measurements without magnetic field and at 1.6 T: σ is the standard deviation of the Gaussian and β is the decay constant of the exponential and corresponds to the "skewness" of the skewed Gaussian. 
Data Analysis
The analysis presented here was focused on the extraction of the energy resolution from the energy spectra of both detectors by using conventional analogue electronics. A detailed study on HPGe detectors operating with high rates in magnetic fields, based on the observation of pulse shapes, will be published in a forthcoming paper.
The energy resolution was extracted from the ADC spectra by fitting the 1.333 MeV γ-ray photopeak from the 60 Co source, where the main fit parameters are listed in Table 1 . From the fit parameters the Full-Width HalfMaximum (FWHM) value was extracted. Two different strategies were followed in order to extract the energy resolution of both detectors depending on whether the spectra was measured in a magnetic field or not. In case the ADC spectra were taken without magnetic field, a Gaussian distribution was chosen for the fitting. In case the magnetic field was non-zero, the so-called gf3 function from the RadWare program package [9] was used. It consists of a least-squares peak-fitting program designed primarily for use in analysing gamma-ray spectra from Ge detectors.
The spectra were fitted considering a photo-peak on a quadratic background. Each peak is composed of three components: (a) a Gaussian, (b) a skewed Gaussian, and (c) a smoothed step function to increase the background on the low-energy side of the peak. Component (a), the Gaussian, is usually the main component of the peak, and in Ge detectors, physically arises from complete charge collection of a photoelectric event or due to Compton scattering followed by the photoelectric effect in the detector. Component (b), the skewed Gaussian, arises from incomplete charge collection, often due to "trapping" of charge at dislocations in the crystal lattice caused by impurities or neutron damage, and also in this case due to the influence of magnetic field.
If the detector and electronics had perfect resolution, component (a) would be a δ-function and component (b) would yield an exponential tail on the low-energy side. Convolution of this exponential tail with a Gaussian resolution function yields the functional form y a⊗b = c·exp(
), where ERF C is the complement of the error function, x is the channel number, x 0 and σ are the centroid and the standard deviation of the Gaussian in component (a), β is the decay constant of the exponential and corresponds to the "skewness" of the skewed Gaussian. Component (c) arises from the Compton scattering of photons into the detector and from escape of photoelectrons from the Ge crystal, which result in a slightly higher background on the lowenergy side of the peak. The functional form used is y a⊗c = c · ERF C(
), which is produced by the convolution of a step function with a Gaussian of width σ.
In the ADC spectra shown in Fig. 3 the γ-ray peaks taken without a magnetic field are described well by a Gaussian shape. The influence of the magnetic field is seen in the tail appearing at the low-energy side of the dashed-lined spectrum. With increasing field strength the peak maximum of the γ-ray line shifts to smaller energies as documented in Fig. 4 . A shaping time longer than the common 3 µs is necessary for the proper charge integration. Incomplete charge integration in the amplifier chain arises due to varying rise times in combination with a too short integration time, the so-called ballistic deficit. A preliminary analysis of how the energy resolution improves for a longer shaping time can be found in [10] . The pulse shape is affected at high magnetic fields, as it is illustrated in Fig. 5 , where the two pulses correspond to the output signals of the preamplifier of VEGA channel B. A change in rise time (defined as the time it takes for the pulse to rise from 10 % to 90 % of its full amplitude) is already visible in this plot. The rise time dependence on the magnetic field is shown in Fig. 6 . The dependence of the energy resolution (FWHM) on the strength of the magnetic field is shown for the Euroball cluster as well as for the VEGA detector in Fig. 7 . Fig. 7 shows the energy resolution (FWHM) at 1.333 MeV of three crystals of each detector as a function of the magnetic field. The energy resolution of one of the Euroball cluster crystals was found to be worse than the two other crystals of the same detector because of pick-up noise in its electronic readout. The noisy environment was also the cause of the non-perfect resolutions measured without a magnetic field.
Discussion of the Results
All crystals of both detectors showed a similar behaviour in the magnetic field. Their energy resolution degraded by 1-2 keV and slightly exceeded ∆E/E = 0.3 % at 1.2 T. However, the still very good resolution allows to perform γ-ray spectroscopy on hypernuclei. Similar values for the energy resolution were found for the VEGA detector.
The measurements were performed over a period of two days without observing any problems with FETs, vacuum breaks or sparking of the crystals. After the measurements the original energy resolution was recovered.
The HPGe detectors were found to operate well for magnetic conditions expected in future hypernuclear experiments FINUDA and PANDA . However, the used detectors were coupled to huge dewars for their cooling with liquid nitrogen. The dewars presented a large obstacle for the study of the dependence of the energy resolution on the orientation of the detector in the magnetic field of ALADiN. They further imply a sizeable impact on the detector integration in both the FINUDA and PANDA magnetic spectrometers. In order to circumvent these problems an electromechanical cooling system coupled to few encapsulated HPGe crystals is currently under study. 
